geometries (Deng et al. 2011; Wan et al. 2008) . The sizes of the cores, the thickness of the shells and the number of cores are controllable by their respective flow rates. Utada et al. (2005) and Lorenceau et al. (2005) designed a capillary device consisting a co-flowing geometry (Cramer et al. 2004; Umbanhowar et al. 2000) and a flow-focusing geometry to form double emulsions. In the capillary device, two cylindrical capillaries were arranged end to end within a square capillary, and good coaxial alignment was achieved automatically by ensuring that the inner dimensions of the square capillary were the same as the outside diameters of the circular capillaries Utada et al. 2005; Chu et al. 2007; Adams et al. 2012) .
One major issue associated with the combination of droplet generation units in microchannels is the wettability of the channels. Since the wettability determines the type of droplets to produce, such as water-in-oil (W/O) droplets in hydrophobic channels or oil-in-water (O/W) droplets in hydrophilic channels, the two units for the generation of double emulsions generally should have opposite wettability. The devices reported in the literature to generate double emulsions in microchannels can be divided into two types according to whether the two units are fabricated on one or two chips (Nisisako 2008 ). In the two-chip design, the core droplets are firstly generated in one chip and then re-injected into another chip (Batinic-Haberle et al. 2014) . The wettability issue can be solved by using different materials with opposite wettability for the fabrication of the two chips. But this method involves the re-injection process, which may cause leakage or contamination. In contrast, the one-chip design normally requires a precise modification of the surface wettability of one of the two units and complicates the fabrication process (Abate et al. 2010 (Abate et al. , 2011 Barbier et al. 2006) , except the microcapillary design proposed by Utada et al. 2005 Chu et al. 2007; Adams et al. 2012) .
Although a variety of the production methods for double emulsions have been proposed Chang and Su (2008) , Saeki et al. (2010) , most of them requires complex fabrication or precise alignment. A simple and low-cost method is beneficial for practical applications. In this paper, a simple and reliable method for the formation of double emulsions is proposed, which relies on easily available materials and a simple assembly procedure. The system consists of a coflowing structure (Cramer et al. 2004; Umbanhowar et al. 2000) made from a plastic tubing and a syringe needle for the formation of core droplets and the tubing tip in water to form compound droplets by buoyancy. The performance of this method is demonstrated by producing monodisperse compound droplets. The droplet size and the droplet distance are controlled by adjusting the respective flow rates. Scaling relationships for the number of cores and the size of the compound droplets are proposed.
Experimental
The experimental setup for the production of W/O/W double emulsions is shown in Fig. 1 . The formation process of the double emulsions consists of two steps: The first step is the formation of water droplets in oil at a co-flowing structure, and the second step is the formation of compound droplets in water at the tip of a microtubing. A blunt stainless syringe needle (gauge 32 with an inner diameter (ID) of 0.10 mm and an outer diameter (OD) of 0.24 mm, EDF Singapore) was bent by 90 • and pricked into a flexible Fig. 1 tubing (ID 0.51 mm, OD 1.52 mm, Tygon microbore tubing, Cole-Parmer) to form a co-flowing structure. Deionized (DI) water was introduced at the syringe needle, and mineral oil (Sigma M5904) at the tubing. The water and the oil streams met at the co-flowing structure to form waterin-oil droplets in the tubing. The two streams were introduced at constant flow rates into the system using glass syringes (Hamilton). Their flow rates were controlled separately by two syringe pumps (KD Scientific). A nonionic surfactant, Span 80 (Sigma S6760), was added into the mineral oil at a concentration of 2% by weight to assist the formation of droplets and to stabilize them against coalescence. The tubing with the co-flowing structure was clipped to a glass slide, and the formation process of water-in-oil droplets was observed under a microscope (Nikon Eclipse TE2000-S) and recorded using a high-speed camera (Phantom M310).
To form compound droplets at the tip of the flexible tubing, the tip of the tubing was immersed in DI water in a rectangular acrylic container. The tubing tip was clipped upward in DI water, and its position was adjusted by an xyz linear translation stage. The water-in-oil droplets, after their formation at the co-flowing structure, moved to the tip of the tubing and formed water-in-oil-in water compound droplets when leaving the tubing. A high-speed camera (Phantom M310) with a macrolens (Nikon Micro-Nikkor 60 mm f/2.8D) was placed horizontally to film the process of the growth and breakup of the compound droplets. A high-power LED lamp (GSvitec MultiLED, Germany) with a light diffuser was used to backlight the compound droplets for high-speed imaging. The images were processed using a customized MATLAB program.
The viscosity and the density of the mineral oil with the surfactant are 0.0238 Pa · s and 0.88 × 10 3 kg/m 3 , respectively. The static surface tension of the mineral oil against water is 3.65 mN/m (measured using the pendant drop method on an FTA200 system, First Ten Ångstroms, USA).
Results and discussion

Formation of water-in-oil droplets
Process of droplet formation
To ensure the monodispersity of the water-in-oil droplets produced at the first step, the droplet formation process at the co-flowing structure was maintained in the dripping and squeezing regimes by tuning the flow rates of the water and oil phases, as shown in previous droplet, a small finger of water forms at the tip of the needle, Fig. 2a . When the finger head becomes significantly larger than the outer diameter of the syringe needle, the flow of the continuous phase (oil) is partially blocked, and the water finger is deformed by the flow of the continuous phase as shown in Fig. 2e . The water finger then is squeezed by the continuous phase, and the neck connecting the water finger and the upstream fluid begins to shrink due to the pressure and the viscous stress applied on the interface by the continuous phase, Fig. 2g . The shrinkage of the neck continues as the pressure and the viscous stress build up until the diameter of the neck is below a threshold. The surface tension force dominates the process and accelerates the pinch-off of the neck, Fig. 2l . After a water droplet forms by the breakup of the water finger, the droplet gradually restores its plug shape and moves to the downstream, and a new small spherical water finger forms at the tip of the syringe needle, Fig. 2m -o. This process of growth, pinch-off and restoration repeats to produce droplets periodically.
Effect of flow rate of the oil phase
To study the effect of the flow rate of the oil (shell) phase on the droplet formation process, the oil flow rate Q o was varied, while the water (core) flow rate Q w was fixed. shows the snapshots at the instant of breakup. Figure 3i plots the corresponding droplet sizes and the distances between droplets in the tubing versus the oil flow rate. Increasing the flow rate of the oil phase decreases the size of the droplets and increases the distance between the formed droplets in the tubing. At a higher flow rate, the oil phase applies a higher shear force on the surface of the liquid finger. The higher shear shortens the growth process and accelerates the pinch-off of droplets. This result demonstrates the capability of this method in obtaining droplets of different sizes and the ease in controlling the droplet size by simply adjusting the flow rates of the core and the shell phases.
Effect of the water-oil total flow rate
To study the effect of the total flow rate of the oil phase Q o and the water phase Q w on the droplet formation process, the total flow rate was increased gradually with the flow rate ratio fixed to 1. The snapshots at the instant of breakup are shown in Fig. 4a -j, and the corresponding sizes of droplets are shown in Fig. 4k . The droplet size and the distance between droplets almost do not vary with the total flow rates. As the flow rate of the oil phase increases, the larger amount of oil introduced in unit time can apply a larger stress on the water finger and shorten the time required to produce a droplet. However, the faster flow of the water phase can introduce almost the same amount of fluid into the water finger. Therefore, at a fixed flow rate ratio, the total flow rate does not significantly affect the droplet size and the distance between droplets. This result indicates that the system can work in a wide range of parameters without affecting the quality of the droplets.
Formation of W/O/W compound droplets
Formation dynamics of compound droplets
Following the formation of water-in-oil droplets at the co-flowing structure in the tubing, the droplet train flows downstream to the tip of the tubing to form W/O/W compound droplets. Since the droplets flow directly from the Fig. 3 Droplet formation at the co-flowing structure in the tubing at different flow rates of the oil phase. The flow rates of oil Q o are provided in the figures, while the flow rate of water is fixed at Q w = 3 ml/h. a-h Snapshots at the instant of breakup. The images are not to scale in the spanwise direction due to the optical refraction at the tubing surface. i Droplet diameter D and droplet distance L dd in the tubing. The droplet diameter was calculated from the droplet volume under a spherical assumption, and the droplet volume was calculated based on the time interval for droplet formation and the flow rate. The droplet distance was measured from the centers of the droplets in the images co-flowing structure to the tubing tip without any disturbance or fittings and the tubing used can be as long as needed, the droplets can be transported without any coalescence or breakup, and leakage or contamination can be automatically avoided as well. Figure 5 shows a typical process of the formation of W/O/W compound droplets by buoyancy. After the breakup of the previous compound droplet, a small compound liquid finger forms at the tip of the tubing, Fig. 5a . As liquid is supplied to the tip, the contact line of the liquid finger falls, which is because the wettability of the oil with surfactant on the tubing is better than that of DI water. The movement of the contact line is accompanied by the shape variation of the liquid finger, which can be quantified by the position of the apex of the liquid finger, Fig. 6a . At this stage, the shape of the liquid finger is mainly determined by the surface tension force. As more liquid is supplied to the tip, the size of the liquid finger increases and the buoyancy also increases. At this stage, the surface tension force and the buoyancy are at the same scale. Therefore, the liquid finger bulges but does not move significantly during the accumulation stage, Fig. 5c-f . With W/O droplets being continuously supplied to the tip, the buoyancy becomes larger than the surface tension force. Therefore, the buoyancy pulls the liquid finger upward and the contact line on the tubing rises, Fig. 5g-i . When the contact line reaches the tip of the tubing, the buoyancy cannot be balanced by the surface tension force. Thus, the neck of the compound liquid finger starts to shrink, which marks the end of the rising stage and the beginning of the pinchoff stage, Fig. 5i .
The pinch-off stage is characterized by the thinning of the liquid thread connecting the compound droplet and the upstream liquid. This stage accelerates as the thread becomes thinner (see Fig. 6b ), because the surface tension force, as the dominant force of the pinch-off process, is proportional to the curvature of the interface. The pinchoff stage ends as the droplet detaches from the tip of the tubing, Fig. 5o . After the detachment, the compound droplets tend to restore the spherical shape because of the surface tension. At the tip of the tubing, the liquid finger also immediately restores the shape of a spherical cap, Fig. 5p . During the pinch-off process, a small satellite droplet forms at the liquid thread. Due to the restoration of the compound droplets, the satellite droplet flows upward rapidly due to the upward flow induced by the surface tension of the compound droplet, Fig. 5q . After the formation of the compound droplet, it will rise to the water surface. Surfactant can stabilize the compound droplets against coalescing with each other.
Effect of flow rate ratio
The effect of the oil-water flow rate ratio on the formation process was studied by increasing the flow rate of oil Q o with a fixed total flow rate at the co-flowing structure. The droplet shapes at the instant of breakup are shown in Fig. 7a-g . Increasing oil-water flow rate ratio at the coflowing droplet generation unit decreases the size of the core water droplets and increases the distance between two droplets. The volume fraction of water in the compound Fig. 4 Droplet formation at the co-flowing structure in the tubing at different total flow rates with a fixed flow rate ratio Q o /Q w = 1. a-j Snapshots at the instant of droplet breakup. The images are not to scale in the spanwise direction due to the optical refraction at the tubing surface. k Droplet diameter D and droplet distance L dd in the tubing. The droplet diameter was calculated from the droplet volume under a spherical assumption, and the droplet volume was calculated based on the time interval for droplet formation and the flow rate. The droplet distance was measured from the centers of the droplets in the images 
-13.6 -11.6 -9.6 -7.6 -5. droplets decreases significantly as influenced by the flow rate ratio. In addition, because the oil phase has a much lower density than water, the buoyancy becomes more significant at high flow rate ratios. Therefore, the size of the compound droplets becomes smaller. The size of the compound droplet can be estimated from the force balance at the beginning of the pinch-off stage. The viscous force is negligible, and the balance between the buoyancy and the interfacial force gives where σ is the interfacial tension between water and oil, d tubing is the outer diameter of the tubing, g is the gravitational acceleration, V is the volume of the compound droplet, ρ w and ρ are the density of water and the average density of the compound droplet. The average density ρ can be obtained from the flow rates of oil and water, It should be noted that σ should be the dynamic interfacial tension because the interface at the pinch-off point is freshly generated from the tip of the tubing. An estimation of the volume of the compound droplets based on Eq. (3) using the static interfacial tension is plotted as the dashed line in Fig. 7h . Although it underestimates the volume of the compound droplets, it can show the effect of the flow rate ratio correctly. A least squares fitting of the experimental data of the droplet volume gives an interfacial tension of 5.2 mN/m, which is in agreement with the dynamic interfacial tension measured using the pendant drop method (FTA200, First Ten Ångstroms, USA) as shown in Fig. 8 . Since this pendant drop method measures the surface tension in a similar pinch-off process (pendant droplet versus buoyant droplet), the measured surface tension can provide a reasonable value of the dynamics surface tension during the formation of compound droplet. Using the fitted interfacial tension, the estimated droplet volume agrees well with the measured values in the wide range of the flow rate ratio, as shown in Fig. 7h . The number of cores in compound droplets is another key parameter quantifying the properties of compound droplets. For the results obtained from this study, the number of cores is plotted against the flow rate ratio in Fig. 7i . With increasing the flow rate ratio, the number of cores decreases. A plot in logarithmic scales is shown in the inset of Fig. 7i , in which all the points collapse onto a straight line. Thus, the relationship between the number of cores and the flow rate ratio can be fitted to a curve Such a simple relationship demonstrates that it is easy to tune the compound droplets by adjusting the flow rates.
The size of the compound droplet can be adjusted by changing the diameter of the tubing. According to Eq. (3), a larger tubing diameter will lead to larger compound droplets due to larger surface tension force. It should be noted that changing the tubing diameter also affects the formation process at the first droplet generation unit because the same piece of tubing is used for the formation of the core droplets and the compound droplets. It is also possible to control the core and the compound droplets independently, for example, by using two pieces of tubing with different diameters connected via an adaptor or by adjusting the tubing diameter at the tip.
Conclusions
The present paper reports a simple method to form double emulsions. The proof of concept was demonstrated with the formation of water-in-oil-in-water compound droplets. The formation process consists of two steps. At the first step, water-in-oil droplets are produced at a co-flowing structure formed by a syringe needle and a flexible microtubing. At the second step, water-in-oil-in-water compound droplets are produced at the tip of the microtubing by buoyancy. Since the droplets flow directly from the first step to the second step in the tubing without any disturbance or influence from fittings, the droplets can be transported without any coalescence or breakup. Leakage or contamination is automatically avoided as well. The formation processes for droplets and compound droplets were analyzed. The effects of both the flow rates of the continuous and the dispersed phases and their ratio were studied. The results showed that the size of the core droplets and the volume fraction of the core droplets in the compound droplets could be controlled by adjusting the flow rates of the two phases. Scaling relationships for the number of cores and the size of the compound droplets were proposed. Since the first step of the formation is in the squeezing and the dripping regimes and the second step is controlled by gravity, the process can be achieved with high repeatability and ensures the monodispersity of the compound droplets. Due to the simplicity of this method and the flexibility in tuning the size of the core droplets and the volume fraction, this method has great potential in a wide range of areas, such as substance encapsulation, particle synthesis, biological analysis, pharmaceutical manufacturing and food engineering.
